Plasma membrane Intrinsic Proteins (PIPs), a subfamily of aquaporins, are ubiquitous membrane channel proteins that play a crucial role in water uptake in plants. The use of high-performance liquid chromatography coupled to tandem mass spectrometry (HPLC-MS/MS) analysis of peptides has previously shown to be a valuable tool to differentiate among PIP homologues sharing a high sequence homology and also to characterize their post-translational modifications (PTMs). The recent introduction of mass spectrometers able to measure peptide mass with high mass accuracy, together with new alternative ways of peptide fragmentation allows the identification and characterization of proteins from nonsequenced organisms, such as broccoli. In this study, we combined three endoproteases (trypsin, Glu-C and Lys-C) with HPLC-MS/MS analysis and two types of peptide fragmentations, CID (collision induced dissociation) and HCD (higher-energy C-trap dissociation), to identify PIP isoforms and PTMs from broccoli roots. After de novo sequencing analysis, eight peptides showing homology to Arabidopsis thaliana PIPs were identified. Although Arabidopsis nomenclature of PIP isoforms has not been defined for broccoli, our results agree with the occurrence of seven AtPIP isoforms (PIP 1;1, PIP 1;2, PIP 1;3 and PIP2;2, PIP 2;3, PIP2;1 and PIP2;7) in broccoli roots, as compared to the plant model A. thaliana. To our knowledge, these results represent the deepest characterization of the PIPs isolated from the roots of broccoli, a crop with increasing agronomical interest.
Introduction
Plant roots show a remarkable capacity to adapt to the physiological water demand of the whole plant and can quickly alter their water permeability as a response to several environmental stresses. 1 This ability to regulate water flow through cellular membranes is controlled by membrane protein channels, generally termed aquaporins, which belong to the major intrinsic protein (MIP) family. 2 Plant aquaporins can be classified into four subfamilies, plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), NOD26-like intrinsic proteins (NIPs) and small basic intrinsic proteins (SIPs). 3, 4 PIPs share a similar structure, having the N-and C-terminal tails in the intracellular space, six transmembrane domains, three extracellular loops (termed A, C and E) and two intracellular loops (B and D). 5, 6 In most of the plant species investigated, pharmacological and/or genetic experiments evidence that PIPs represent the most important pathway for water uptake by roots. 7 Genome sequencing experiments led to the identification of 13 genes encoding for PIPs in the model plant Arabidopsis thaliana, from the Brassicaceae family. 1, 4 Eleven from those 13 expressed genes have been identified in Arabidopsis using PCR experiments. 8 A similar number of genes encode for PIPs in rice and maize (11 and 13 genes, respectively), 2, 9 two plant species widely commercialized. The finding of different gene products encoding for PIPs suggests that PIPs may play different roles in plants. Therefore, further research leading to the identification and characterization of PIPs in different plant species and the screening of their expression in different organs may help to unravel the regulation of PIPs in plants. 6 Nevertheless, the identification of the expression of PIPs is not sufficient because the activity and permeability of PIPs is regulated by post-translational modifications (PTMs). 10 Thus, several recent works have significantly enhanced the description of plant aquaporin phosphorylation, suggesting that it could favor an open-pore state. 11, 12 However, the results are sometimes contradictory and a critical issue is to identify among the many predicted phosphorylation sites those that are biochemically and functionally relevant. Also, the functional role of the phosphorylation sites, in aquaporin gating or trafficking, needs to be elucidated.
Significant progress was recently made in describing the aquaporin phosphorylation response to sucrose and salinity. 13, 14 Thus, in Arabidopsis thaliana, external sucrose addition induced the Ser-282 phosphorylation in PIP2e and therefore a rapid transient opening of pore aquaporin suggesting possibly adjustments to osmotic changes involved in the process.
Also, an absolute quantification procedure was developed to quantify the relative abundance of the unmodified, singly, and diphosphorylated forms of AtPIP2; 1, 14 showing that the AtPIP2;1 phosphorylation status appears to be highly sensitive to environmental stimuli acting on root water transport, although changes in AtPIP2;1 phosphorylation were not unequivocally associated to changes in root hydraulic conductivity, Lp r , and other phosphorylated isoforms and regulatory mechanisms must be considered.
A strategy frequently followed to identify plant PIPs is based on the combination of SDS-PAGE separation of protein extracts followed by western-blot using PIP antibodies. PIPs are characterized by six transmembrane domains; therefore, many commercially available antibodies have been raised against the C-terminal tails of these proteins, which are the most divergent domains among PIPs. 4 Nevertheless, the probable occurrence of PTMs on C-term tails may hurdle the specific identification of PIP isoforms. Alternatively, SDS-PAGE separation of PIPenriched protein extract combined with endoprotease digestion and subsequent analysis of the peptides by high-performance liquid chromatography coupled to tandem mass spectrometry (HPLC-MS/MS) provides accurate peptide sequence information, 15 which may help to differentiate among PIP isoforms and also enables the characterization of PTMs. The validity of this technique was previously reported by Alexandersson et al., 16 who identified 238 proteins putatively associated to the plasma membrane using HPLC-MS/MS, including 8 proteins belonging to the PIP family in A. thaliana. HPLC-MS/MS is ideally suited for the identification of aquaporins and also allows the characterization of their PTMs. 10, 17 Several proteomic studies using A. thaliana model organism in combination with HPLC-MS/MS led to the identification of dimethylated and monomethylated forms of AtPIP2;1. 10 The same technique was used to identify N-terminal Met cleavage in AtPIP2;1, whereas this residue is Ν R -acetylated in AtPIP1;1. 10 HPLC-MS/MS also led to the identification of multiple phosphorylation sites on the N-terminal and C-terminal tails of different plant PIPs. 14, 17 Nevertheless, this approach may also have limitations for the study of membrane proteins (including PIPs) because digestion with trypsin, the most frequently used endoprotease, may leave relatively large peptides that can be outside the mass range of the mass spectrometer, or very small peptides (i.e., less than five residues), which may lead to poor identifications after database searches. 18 This is in part due to the distribution of the amino acids Lys and Arg, which are less frequent along integral membrane proteins and almost absent in transmembrane helices. The presence of six trans-membrane segments in PIPs may preclude the steric access of trypsin to Lys and Arg residues near those hydrophobic regions. To try to overcome the limitations of the analysis of PIP proteins after tryptic digestion, previous reports used Lys-C for the analysis and sequencing of aquaporin PM28A. 19 More recently, limited pepsin digestion at lower pH combined with MS/MS analysis allowed the detailed characterization of the integral membrane protein AQP0. 20 Broccoli, the immature flower vegetable of Brassicaceae (Brassica oleracea L. var. italica), is worldwide-known as a health-promoting vegetable because it contains biologically active compounds that serve as chemopreventives of degenerative diseases and certain types of cancer. However, abiotic stresses such as salinization, low water availability and extreme temperatures can severely modify the nutritional quality of this crop. These types of stresses are becoming increasingly important as a consequence of the global reduction in the availability of water resources of good quality for irrigation. In this respect, water and dissolved salts are essential to plant growth, but water reuse and high evaporation rates in arid or semiarid regions such as Southeastern Spain concentrate the salts and salinization occurs. With a gross production over 450 000 tones in 2007, Spain is the major producer and exporter of broccoli in Europe, representing near 20% of the gross production of this crop (http://faostat.fao.org). Together with Spain, broccoli is also grown in Southern areas of Italy and France, where broccoli is grown during the winter season. The economic interest of broccoli as a commodity is coupled to its resistance to relatively cold temperatures and drought as well as salinity. In this case, the control of water and nutrient distribution in the whole plant is an important factor in the acclimation of plants to an unfavorable environment 21 and the role of membrane proteins, such as aquaporins, is crucial. Therefore, the identification of broccoli aquaporin isoforms and their regulation is interesting both from the biochemical and from the agronomical point of view. Despite the socioeconomic value and worldwide trade of broccoli from the standpoint of the plant sciences and also from the Brassicaceae family, the number of nucleotide and amino acid sequences from this species in public databases is very limited (102 nucleotide entries, 2285 ESTs and only 69 complete protein sequences in the NCBI database (http://www.ncbi.nlm.nih.gov)). In this study MS/MS spectra acquired in the linear ion trap were searched against NCBInr and Swiss-Prot databases, including the potential occurrence of modified residues (acetylation, phosphorylation and methylation). Second, MS/MS spectra acquired at high resolution after HCD fragmentation in the Orbitrap were de novo sequenced, in an attempt to find novel peptides not described in protein databases. We found that in those cases where several peptides share the same monoisotopic mass, acquisitions of MS/MS spectra at high resolution followed by database searches helped to discern the presence of a peptide in the sample.
Experimental Procedures
Plant Culture. Seeds of broccoli (Brassica oleracea L. var. italica cv. Marathon) were prehydrated with distilled water and continuously aerated for 12 h. After this, the seeds were germinated in vermiculite substrate at 28°C. Germinated seeds were grown under controlled conditions using a 16 h light followed by 8 h dark cycle and 60% relative humidity at 25°C. A photosynthetically active radiation (PAR) of 400 µmol m -2 s -1 was provided by a combination of fluorescent tubes (Philips TLD 36 W/83 and Sylvania F36 W/GRO) and metal halide lamps (Osram HQI, T 400 W). After three days, the seedlings were placed in 15 L containers with a continuous circulation of nutrient solution. 22 Plantlets were harvested after two weeks and the roots were manually cut and further processed for PIP purification as described below.
Plasma Membrane Protein Purification from Roots and Enzyme Assay. Root plasma membranes were purified using the two-phase aqueous polymer technique first described by Larsson et al., 23 modified by Gerbeau et al. 24 Fresh roots (20 g) were chopped in approximately 1 mm 3 cubes and vacuuminfiltrated with 40 mL of a buffer containing 500 mM sucrose, 10% glycerol, 20 mM Na 2 EDTA, 20 mM EGTA, 50 mM NaF, 5 mM -glycerophosphate, 1 mM 1,10-phenantroline, 1 mM Na 3 VO 4 , 0.6% PVP, 5 mM ascorbic acid, 5 mM DTT and 0.5 mg/L leupeptin in 50 mM Tris-MES, pH 8.0. After buffer infiltration, roots were homogenized using pestle and mortar and filtered through a nylon cloth (240 µm pores). The filtrate was centrifuged at 10 000× g for 15 min. The supernatant was recovered and centrifuged at 55 000× g for 35 min, yielding a microsomal pellet which was resuspended in 0.33 M sucrose, 2 mM DTT, 10 mM NaF and 5 mM phosphate buffer (pH 7.8). Plasma membranes were purified from microsomes by partitioning in a two-phase system mixture with a final composition of PEG-3350 (Sigma)/Dextran-T500 (GE Healthcare), 6.3% (w/ w) each in the presence of 5 mM KCl, 330 mM sucrose, 2.5 mM NaF, 5 mM potassium phosphate (pH 7.8) The two phasesystem was centrifuged for 5 min at 4000× g. The resulting upper phase, enriched in plasma membranes, was washed in 9 mM KCl, 300 mM sucrose, 0.2 M EDTA, 0.2 M EGTA, 0.5 M NaF and 10 mM Tris-borate, pH 8.3, and centrifuged at 55 000× g for 35 min; the resulting lower phase was resuspended in 1 mL of 9 mM KCl, 300 mM sucrose, 0.2 M EDTA, 0.2 M EGTA, 0.5 M NaF, 2 mg/L leupeptin, 1 M DTT and 10 mM Tris-borate, pH 8.3. The protein concentration of the PIP-enriched fraction was determined with the RC DC Protein Assay kit (BioRad), using BSA as standard. The purity of the plasma membrane preparation was estimated after measuring the enzymatic activities characteristic of the plasma membrane and other organelles. The activity of the plasma membrane associated, vanadate sensitive ATPase was assayed. 25 The activities of nitrate sensitive ATPase, 26 latent inosine diphosphatase, 27 and cytochrome C oxidase 28 were used as enzymatic markers of tonoplast, Golgi apparatus and mitochondria, respectively. Enzymatic activities were determined in a thermostatted JascoV-530 spectrophotometer (Jasco International Co.) at 25°C. Extrinsic membrane proteins were stripped with an urea and NaOH treatment 29, 30 according to Santoni et al. 18 Briefly, membranes (2 mg proteins) were incubated in 40 mL of 5 mM EDTA, 5 mM EGTA, 4 M urea, 5 mM Tris-HCl, pH 9.5, for 5 min on ice before being centrifuged for 20 min at 100 000× g. The subsequent pellet was resuspended in 20 mM NaOH and centrifuged at 100 000× g for 20 min. The membranes were then washed in 2 mM EDTA, 2 mM EGTA, 100 mM NaCl, 5 mM Tris-HCl, pH 8, centrifuged at 100 000× g for 20 min, and finally resuspended in 9 mM KCl, 300 mM sucrose, 5 mM Na 2 EDTA, 5 mM Na 2 EGTA, 50 mM NaF, 5 mM dithiothreitol, 2 µg/mL leupeptin, 10 mM Tris-Borate, pH 8.3. The yield of the protein purification procedure, 29%, was calculated by determination of protein concentration after protein solubilization and referred to the amount of initial protein (2 mg).
Gel Electrophoresis and Immunoblotting Assay. A volume of the plasma membrane-enriched preparation corresponding to 50 µg was resolved in a 12% SDS-PAGE gel using a Mini-PROTEAN gel electrophoresis system (Bio-Rad) at 100 V/h. The gel was stained with Bio-Safe Coomassie G-250 (Bio-Rad) for 1 h. Alternatively, 10 µg of the protein extract were resolved in a 12% SDS-PAGE gel as described above and transferred to a PVDF membrane for 20 min at 15 V in an electrophoretic transfer cell (Trans-Blot SD cell, BioRad) using Towbin transfer buffer 31 with the addition of 0.05% SDS. The membrane was blocked for 1 h at room temperature in TBS containing 2% (w/ v) skimmed dry milk. After that, the membrane was incubated for 1 h at room temperature in a buffer containing TBS with 0.05% Tween 20 in the presence of an antibody (dilution 1:3000) raised against the first N-terminus 42 residues of Arabidopsis PIP1;1 32 (kindly provided by Prof. Dr. Schäffner). Goat antirabbit IgG coupled to horseradish peroxidase was used as the secondary antibody (dilution 1:20 000). A chemiluminescent signal was developed using the West-Pico, Super Signal substrate (Pierce).
Endoprotease In-Gel Digestion. The gel bands corresponding to PIPs (monomers and dimers) from three SDS-PAGE gel lanes were excised from the gel and pooled in a single vial, reduced with 10 mM DTT in 25 mM ammonium bicarbonate, S-alkylated cysteine with 55 mM iodoacetamide in 25 mM ammonium bicarbonate and digested with porcine trypsin (Promega) at 37°C for 6 h as described elsewhere. 33, 34 The same procedure was repeated but using Glu-C endoprotease from Staphylococcus aureus V8 (Roche). Finally, Lys-C from Lysobacter enzymogenes (Roche) was used to digest PIPs as described before but using 25 mM Tris HCl and pH 8.5 as buffer for the digestion. Peptides from the different endoprotease digestions were extracted from the gel slides using acetonitrile (ACN) and 0.1% formic acid. The peptides extracted were transferred to new tubes and dried down under vacuum. The pellets were resuspended in 5 µL of 0.1% formic acid and 5% ACN suitable for HPLC-MS/MS analysis.
Phosphopeptide Enrichment and Analysis. After tryptic digestion, phosphopeptides were enriched using microcolumns packed with TiO 2 beads (Inertsil) as described by Thingholm et al. 35 with few modifications. In short, peptides were resuspended in 5 µL of loading buffer containing 1 M glycolic acid in 80% ACN and 5% trifluoroacetic acid (TFA). The peptides were loaded in the microcolumn with the help of a syringe and washed with 10 µL of wash buffer containing 80% ACN and 5% TFA. Phosphopeptides retained in the microcolumn were eluted with 5 µL of 5% NH 4 OH (pH 10.5), dried under vacuum, and finally, resuspended in 5 µL of 0.1% formic acid and 5% ACN suitable for HPLC-MS/MS analysis.
HPLC-MS/MS and Database Searches. HPLC-MS/MS analysis were performed using an Agilent 1200 nano-HPLC (Agilent Technologies) coupled to a LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a nano-ESI source (Proxeon). Peptides were preconcentrated and desalted using Zorbax 300SB-C18 cartridges (5 × 0.3 mm and 5 µm particle size) at 15 µL/min for 10 min in 0.1% formic acid and 5% ACN in water followed by elution on an Zorbax 300SB RP C18 column (75 µm id ×150 mm and 3.5 µm particle size) (Agilent Technologies) using a 60 min linear gradient from 5 to 40% solvent B, solvent A was 0.1% formic acid in water and solvent B was 0.1% formic acid in ACN. All HPLC runs were performed using an Agilent 1200 HPLC system operated at 300 nL/min constant flow rate. The peptides were analyzed in a LTQ Orbitrap mass spectrometer (Thermo Fisher Scientific) equipped with a Proxeon nano-ESI source. An electrospray voltage of 1800 V and a capillary voltage of 50 V at 190°C were used. The LTQ Orbitrap was operated in data dependent mode as follows: survey scans (400-2000 m/z) were acquired at 60 000 full width at half-maximum (fwhm) resolution at m/z 400 followed by CID fragmentation of the six most intense peaks at 35% normalized collision energy and scanned in the linear ion trap. Maximum injection time for MS and MS/MS were set to 50 and 500 ms, respectively. The precursor isolation was 2 Da and the exclusion mass width was set to (5 ppm. Monoisotopic precursor selection was allowed and singly charged species were excluded. The minimum intensity threshold for MS/MS was 1000 counts for the linear ion trap and 8000 counts for the Orbitrap. Maximal ion accumulation time allowed on the LTQ Orbitrap was 50 ms for MS and 500 ms for MS/MS. Automatic gain control (AGC) to prevent overfilling of the ion trap were set as follows: 5 × 10 5 for Orbitrap MS and 1 × 10 5
for Orbitrap MS/MS.
The following parameters were set for searches using Proteome Discoverer v.1.1 (Thermo Fisher Scientific) and SE-QUEST 36 as search engine: Precursor ion tolerance of (10 ppm and fragment ion tolerance of (0.5 Da were allowed, unless otherwise stated. The number of missed cleavages allowed was 2 in every case. Fixed modifications: carboxyamidomethyl Cys; variable modifications: oxidation of Met, N-terminal acetylation (+42.011 amu), Ser phosphorylation (+79.966 amu), Lys and Glu methylation (+14.016 amu); Lys dimethylation (+28.031 amu); Lys trimethylation (+42.047 amu). All fragmentation spectra were searched against NCBInr (8 921 653 entries) and Swiss-Prot v. 57.4 (470 369 entries) databases available at (ftp:// ftp.ncbi.nih.gov/blast/db/FASTA). A e5% peptide false discovery rate (FDR) filter was set for the searches against reversedconcatenated databases. Independent searches against both, NCBInr and Swiss-Prot databases were carried out selecting the three endoproteases: trypsin, Lys-C and Glu-C in Proteome Discoverer v.1.1 search engine.
De Novo Sequencing. For de novo sequencing, the LTQ Orbitrap was operated in data dependent mode as follows: survey scans (400-2000 m/z) were acquired at 60 000 fwhm resolution at m/z 400 followed by three Data Dependent HCD MS/MS scans (100-2000 m/z), with 7500 fwhm resolution at m/z 400. Normalized collision energy used for HCD fragmentation was 40%. The rest of the variables were set as described above. MS/MS spectra acquired were submitted to de novo sequencing using PEAKS v4.5 SP2 software (www.bioinformaticssolutions.com). Parental and fragment mass error tolerances were (5 ppm and (0.005 Da, respectively. Only those peptide sequences with Peaks scores g75 and with at least four amino acids with confidence 99.5 were considered as de novo sequenced peptides. Raw files acquired after HCD MS/MS as described above were also used for database searches when higher mass accuracy of fragment ions was needed.
Sequence Alignment and Transmembrane Modeling. Multiple sequence alignment of PIPs sequences and the peptides identified in our experiments was carried out with ClustalW. 37 Predicted transmembrane regions were identified using TM-HMM 38 and "re-entrant" loops were predicted with TMLoop software.
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Results and Discussion
Membrane Protein Purification. The protocol used here, combining the two-phase aqueous polymer technique method followed by urea-NaOH treatment, 18 ,40 yielded a protein preparation specifically enriched in plasma membrane intrinsic proteins, with less than 5% contamination of other membrane organelles ( Table 1) . As shown in this table, the specific vanadate sensitive ATPase activity was 95.2% (n ) 4). Tonoplast, Golgi apparatus and mitochondria contaminations accounted for 4.8, 3.4, and 3.2% of the total ATPase activity, respectively (n ) 4).
As displayed in the gel in Figure 1 , both the SDS-PAGE gel and the western-blot revealed the presence of a lower band of ca. 30 kDa, corresponding to the monomeric form of PIPs. Two upper bands of 61 and 63 kDa were also detected, corresponding to dimeric forms of PIPs. The visualization of the upper band at 63 kDa, approximately 2 kDa bigger than the dimeric form of PIPs at 61 kDa, suggests the occurrence of dimeric PIPs research articles
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bearing relatively heavy PTMs such as glycosylated or ubiquitinated branches. Although not described for plants, several aquaporins containing N-linked glycosylation, 41, 42 and ubiquitination 43, 44 have been reported. These two modifications intervene in the regulation and degradation of aquaporins in mammals. [41] [42] [43] [44] [45] The occurrence of glycosylation and ubiquitination on plant aquaporins can not be discarded, although the characterization of these two PTMs is beyond the scope of this study.
Unlike other known aquaporins, broccoli PIP dimers were not dissociated after treatment with 2% SDS, high temperature (56°C for 20 min), chaotropic agents (8 M urea or 6 M guanidinium chloride), or reducing agents (140 mM -mercaptoethanol or 100 mM DTT). This strong multimeric aquaporin association was also described for Escherichia coli aquaporin AqpZ, where stable tetramers were found that were not readily dissociated by 1% SDS. 46 It was not possible to resolve the purified PIP proteins by 2D-PAGE (data not shown), probably due to their high hydrophobicity, which agrees with previous reports focusing on PIP protein analysis from culture cell suspensions from Arabidopsis 47 and rice. 48 The validity of the membrane protein purification protocol described here directly from plant roots was confirmed by the identification, together with our proteins of interest, of peptides homologous to those found in plasma membrane ATPase 2 (PMA2_ARATH), ATPase 9 (PMA9_ARATH) and ATPase 10 (PMA10_ARATH), calcium transporting ATPase 2 (ACA2_ARATH) and sugar transporter protein 1 (STP1_ARATH), after database search (see Supplementary excel files in the Supporting Information). All these transmembrane proteins contain, at least, 10 transmembrane domains, according to modeling algorithms based on their amino acid sequence.
Identification of PIP Peptides after Endoprotease Digestion. To identify the presence of PIP proteins in broccoli roots, we carried out independent digestion and analysis of the PIP gel bands using three endoproteases (trypsin, Lys-C and Glu-C). As described above in the introduction, trypsin and Lys-C were successfully used for the characterization of aquaporins. We also introduced the use of Glu-C based on the observation that AtPIPs include a relatively high number of Glu and Asp residues. The peptides derived after each endoprotease digestion were analyzed by HPLC-MS/MS, which led to the successful identification of 23 peptides corresponding to PIPs after CID fragmentation and detection of fragment ions in the linear ion trap analyzer ( Table 2 ). The majority of the peptides identified corresponded to tryptic peptides, followed by Lys-C. Only one peptide was uniquely identified after Lys-C digestion. As shown in Table 2 , some of the peptides identified by SEQUEST after database search were attributed to different PIP isoforms within the same species or even to PIPs from different plant species. As an example, the peptide SFGAAVIYN-NEK can be assigned to PIP2;4, PIP2;7 or PIP2;8 isoforms from Arabidopsis thaliana. Another example is the peptide DVEG-AEGVTAR, which could be assigned to both PIP2 from Brassica napus and PIP2;3 from Raphanus sativus. Peptides corresponding to both PIP1 and PIP2 subclasses and from different plant species were detected, including those from the Brassicaceae family (Brassica napus, Raphanus sativus, Brassica oleracea, Thlaspi caerulescens, Brassica campestris, and Arabidopsis thaliana) and also from Petunia hybrida, from the Solanaceae family.
In an attempt to clarify these inconsistencies found after database searches, we decided to include a column showing the attribution of each peptide identified in our experiments to the homologue sequence described in A. thaliana and, eventually, the corresponding isoforms. All the peptides identified showed relatively high degree of sequence homology to A. thaliana PIP sequences, as derived from BlastP scores, ranging from 32.9 to 74.0. 49 The majority of the peptides identified showed negative grand average hydrophobicity (GRAVY) values, 50 indicating a relatively high hydrophilicity. However, the peptides SLGAAI-IFNK and SLGAAIIYNK shared a sequence that corresponds to a transmembrane region (shown underlined) and displayed hydrophobic GRAVY values of +1.060 and +0.650, respectively. The identification of these hydrophobic transmembrane peptides could be explained based on previous reports focusing on the characterization of membrane proteins stating that denatured membrane proteins in the SDS-PAGE gel matrix may increase the steric access of endoproteases, thus improving the identification of peptides from this recalcitrant proteins.
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Characterization of Post-Translational Modifications. Several post-translational modifications were detected on peptides from PIPs isolated from broccoli roots, including acetylation, phosphorylation and methylation. Acetylation on the N-terminal Met of PIPs was detected, as derived from the identification of two peptides with sequence M ac EGKEEDVR and M ac EG-KEEDVRVGANK ( Table 2 ). The second peptide shares a sequence of nine residues with the first peptide (underlined), and was identified as a consequence of the occurrence of a missed cleavage site for trypsin and also after the HPLC-MS/MS analysis of the digestion with Lys-C. All these peptides identified correspond to the PIP1 subclass of PIPs and confirm the presence of N-terminal acetylation on PIP1 proteins in broccoli. An example of a MS/MS spectrum showing the identification of the peptide M ac EGKEEDVR at m/z 567.760 Da is shown in Figure 2A . The presence of N-terminal acetylated Met on PIP1 agrees with previous reports on PIP characterization by MS. 10 Enzymatic acetylation of the N-terminus of proteins by acetyl transferases occurs in about 50% of yeast proteins, and up to 90% of higher eukaryotic proteins. [52] [53] [54] Acetylation can occur on the N-terminal Met by methionine aminopeptidases (MAPs). 53, 54 MAPs can also cleave N-terminal methionyl residues and acetylate the second amino acid when the second residue on the growing protein is small (i.e., Gly, Ala, Ser, Cys, Thr, Pro, and Val). 55 A variant of N-terminal acetylation, in which the N-terminal Met-Glu sequence is N-acetylated, is also frequently observed. 56 According to our results, acetylation of PIP1 found in broccoli occurs before the initial Met is cleaved by MAPs. The identification of acetylated N-terminal Met-Glu motif suggest the presence of an enzyme similar to N-acetyl transferase B (NatB) from yeast, able to acetylate most of the proteins with Met-Asp or Met-Glu N-termini. 54 Nevertheless, the biological significance of N-terminal acetylation of eukaryotic proteins still remains unclear.
We included the potential occurrence of phosphorylation on Ser and Thr in all database searches, which led to the identification of two different phospho-Ser residues localized near the C-term of PIP2 (SLGSFRS p AANV and SLGS p FRSAANV at m/z 594.776). Further analysis including the enrichment of phosphopeptides using TiO 2 microcolumns (see Experimental Procedures) followed by HPLC-MS/MS analysis led to the unambiguous identification of the doubly phosphorylated form of this peptide with sequence SLGSpFRSpAANV at m/z 634.757) ( Table 2 and Supplementary Files 7 and 8, Supporting Information). As depicted in Figure 2B , the presence of the two 
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Occurrence of acetylation (ac), methylation (me) and phosphorylation (p) is indicated. 19, 33 and, together with the mass of the precursor ion, serve to confirm the occurrence of phosphate moieties. Interestingly, although phosphopeptide enrichment using TiO 2 seems to show a bias toward monophosphorylated peptides, 56 only this purification led to the identification of the doubly phosphorylated peptide from PIP2. We would like to underline that, in all our experiments, the phosphopeptide always contained one trypsin missed cleavage site (R), which is in agreement with previous reports by Molina et al., 57 who showed that the frequency of tryptic missed cleavages sites is significantly higher for phosphorylated peptides. We could not detect the unphosphorylated form of the peptide with sequence SLGSFRSAANV in any of our analyses. This could be due to the confinement of this peptide species into the acrylamide gel after digestion or, more probably, to the majority presence of the phosphorylated versus the unphosphorylated peptide in the sample under study. On the other hand, several nonphosphorylated peptides containing at least three acidic residues were also identified after the enrichment with TiO 2 microcolumns. This is in agreement with previous reports showing the ability of TiO 2 to bind acidic peptides. 56, 58, 59 The identification of acidic peptides after TiO 2 enrichment served as a confirmation of the occurrence of those peptides in our PIP-enriched protein purification (indicated by "Ti" in Table  2 ).
In general, mammalian, yeast and plant aquaporins N-and C-terminal tails have been predicted to be fairly mobile, as derived from structural studies. [60] [61] [62] [63] Therefore, PIPs C-and Ntails have been proposed to intervene in the protein channel gating which, in turn, regulates water flow. 12, 20, 64, 65 The last is supported by structural data from yeast aquaporin Aqy1, which showed that the N-terminus of this aquaporin has a functional role in the gating of the membrane channel. 63 Focusing on PIPs, the determination of spinach SoPIP2;1 structure at atomic resolution proposed that, in the closed conformation, the second cytoplasmic loop D of this protein occludes the protein channel. 64 In the case of plants, it has been proposed that PIPs channel gating is probably regulated upon phosphorylation of residues near the C-terminal tails. 12, 20, 66 Conversely, the only mammalian aquaporin reported to be gated by phosphorylation on Ser 111 (inside the B-loop) is human AQP4 from astrocytes, which plays a key role for maintenance of brain water homeostasis. 67 The hypothesis of plant PIP regulation upon phosphorylation on C-tails is supported by the fact that site-directed mutagenesis experiments have suggested that Ser-phosphorylation may intervene in the regulation of PIPs water transport activity. 20, [68] [69] [70] [71] Recently, Prak et al 14 demonstrated that the C-terminal AtPIP2 phosphorylation pattern changed as a consequence of changes of NaCl concentration in the nutrient solution or exposure to H 2 O 2 using the absolute quantification (AQUA) strategy 72 and correlated the changes in the global phosphorylation pattern of PIPs with altered root water transport activity. Moreover, A. thaliana PIPs present multiple and interdependent phosphorylation sites on their C-terminal tails, meaning that phosphorylation on specific residues strongly promote phosphorylation on nearby residues inside the same protein.
14,18,20,73 As an example, interdependent phosphorylation on Ser 280 and Ser 283 on the C-terminal tail of AtPIP2 has been demonstrated. 14, 74 The identification of phosphopeptides (SLGS p FRSAANV, SLGS-FRS p AANV and SLGS p FRS p AANV) suggests that phosphorylation of the C-terminus of PIPs may be involved in the regulation of water uptake in broccoli roots.
Two peptides with sequences GFQPK me QYQALGG-GANTVAPGYTK and DYEDPPPTPFFDADE me LTK were found to be methylated on Lys and Glu, respectively (Table 2) . Focusing on the second methylated peptide, as shown in Table 2 , database search lead to the identification of two different peptides (i.e., DYEDPPPTPFFDAEELTK and DYEDPPPTPFFDA-DE me LTK) sharing the same monoisotopic mass at MH + ) 2110.955 and charge state (z ) 2) after measurement of the precursor ion in the Orbitrap analyzer. These two peptides only differed in one acidic amino acid residue (shown underlined) and both occur in different PIP isoforms (i.e., PIP2;3 and PIP2;2, respectively) in A. thaliana. In an attempt to confirm the presence of both peptides in our sample, we repeated the analysis measuring both, precursor ion and fragment ions in the Orbitrap analyzer after HCD fragmentation and using more stringent tolerances for the search of fragment ions ((0.005 Da instead of the (0.5 Da allowed for fragment ions measured in the linear ion trap). This strategy led to the identification of only the nonmethylated peptide (Supplementary Table 1 , Supporting Information). Figure 3 shows fragment spectra corresponding to the methylated peptide DYEDPPPTPFFDA-DE me LTK after CID fragmentation ( Figure 3A ) and nonmethylated peptide (DYEDPPPTPFFDAEELTK after CID and HCD fragmentation ( Figure 3B and C) . In Figure 3A and B, the MS/ MS fragment spectra after CID fragmentation of these two peptides detected in the linear ion trap, methylated and nonmethylated, showed that only four fragment ions (y 4 , y 5 , b 13 and b 14 ) varied when the two fragmentations were compared, which could lead to the unambiguous identification of the presence/absence of methylation. Only y 4 and y 5 were identified in the methylated peptide ( Figure 3A) , and the four diagnostic fragment ions were identified in the nonmethylated peptide ( Figure 3B ) using the same precursor and fragment mass error tolerance. The detection of the nonmethylated peptide (DYEDPPPTPFFDAEELTK) was confirmed after HCD fragmentation and detection of fragment ions in the Orbitrap analyzer after database search using more stringent tolerances for database search ((0.005 Da) ( Figure 3C ). This peptide, evidenced the presence of PIP2;3, as it is exclusively found in this PIP isoform.
Nevertheless, the presence of O-methylated Glu and Nmethylated Lys on the N-terminus of PIP2 has been confirmed in previous publications. 6, 10 However, the peptide DYEDPPPT-PFFDADE me LTK indicating the methylation of PIP2;2 in the roots of broccoli plants differed in the methylated peptide (AKDVEGPEGFQTR) of the PIP2;2 isoform from Arabidopsis, and the methylation in GFQPK me QYQALGGGANTVAPGYTK supported to our knowledge the first evidence of methylation in the C-terminus of PIP1 in plants. The cited studies 6,10 also show that methylation on Glu and Lys does not interfere PIP water permeability and suggest that aquaporin methylation could be involved in protein stability and subcellular localization. For this reason, the presence of the Glu-methylated peptide can not be ruled out and should be further validated using independent experiments such as western-blot or site directed mutagenesis. In an attempt to further characterize peptides not identified after database searches, the unassigned spectra were submitted to de novo sequencing using Peaks v4.5 algorithm. After the measurement of a peptide precursor ion m/z, charge state and MS/MS fragments, it is possible to reconstitute the sequence of a peptide by comparing mass differences between consecutive pairs of b and y ions with the masses of amino acid residues. This process is known as de novo peptide sequencing, and it is independent of any information present in databases. Although de novo sequencing can be carried out by manual interpretation of the spectra, today there is the possibility of interpreting peptide fragmentations with the help of dedicated computer programs 75, 76 especially if the masses of precursor and fragment ions are measured accurately and with high resolution.
We identified eight peptide sequences after the analysis of tryptic peptides by HPLC-MS/MS measuring the masses of precursor and fragment ions in the Orbitrap analyzer and de novo sequencing. These peptide sequences are shown in Table  3 . Seven of the eight peptides identified after de novo sequencing differed in, at least, one amino acid from the homologue peptides in A. thaliana (bold characters in Table 3 ). The eight peptides displayed a high homology to PIP sequences from the Brassicaceae family after BlastP 49 searches against NCBInr database. The alignment of the de novo sequenced peptides showed that five of eight peptides sequenced corresponded to the PIP2 subfamily whereas three of them corresponded to the PIP1 subfamily. An example of a peptide de novo sequenced that could not be found after database search is shown in Figure 4 . A detailed view of the low m/z region of the MS/MS spectra of this peptide showed the presence of the y 1 fragment corresponding to R at the C-terminus and the presence of diagnostic ions for E (102.05), F (120.08) and W (130.05 and 159.09). The partial sequence in italics (WWAVAVSGEGFQTR) showed 100% homology to PIP2 from Brassica napus and PIP2;1 from Raphanus sativus, both from the Brassicaceae family.
In 1997, two different genetic expression screening studies using Brassicaceae led to the identification of genes, called MIPB, 77 and MOD, 78 similar to PIP1 and with deduced amino acid sequences that include the peptide Q 15 7YQALGGGANTVAPGYTK 174 . De novo sequencing of the peptide with sequence QYQALGG-GANTVAPGYTK (Table 3 ) allowed us to confirm the presence of PIP1;1. This result represents the first evidence of the expression of PIP1;1 isoform in roots, which agrees with the results of shown in Figure 1 after western-blot using the PIP1;1 antibody.
Identification of PIP Isoforms. In the case of aquaporins, a high degree of sequence homology usually hurdles the discrimination among PIP isoforms. As an example of this, 96.8% amino acid sequence homology is found between AtPIP2;1 and AtPIP2;2 isoforms. In the case of B. oleracea, the expression of two gene transcripts corresponding to PIP1 (PIP1b1 and PIP1b2), differing only in a single amino acid (Ser 78 -PIP1b1 and Ala 78 -PIP1b2), and highly homologous to PIP1;2 from Arabidopsis, have been described, 79 which leads to think that variations, even at the isoform level, can be found. Therefore, the identification of PIP isoforms is only possible upon identification of proteotypic peptides exclusively found in different PIP isoforms. For this reason, we aligned the amino acid sequences corresponding to the thirteen PIP isoforms described in A. thaliana ( Figure 5 ). All the peptides sequences identified in our experiments, including database search and de novo sequencing, were also aligned in this figure. As depicted in this figure, 160 , corresponding to PIP2;1 and PIP2;7 from Arabidopsis. One proteotypic peptide for PIP2;2 from Petunia hybrida was detected at m/z 1312.6532 assigned to the peptide with sequence SFGAAVIYNQDK. However, this mass might also be assigned to the peptide with sequence SFGAAVIYNNEK (Table 2) . These two peptides, differing in two amino acid residues (shown underlined), shared similar MS/ MS fragmentation spectra (Supplementary Figure 1A 
Conclusions
To summarize, the strategy proposed here combining multiple endoprotease digestion followed by HPLC-MS/MS analysis facilitated the identification of PIPs isoforms and the characterization of their PTMs. If the species studied here was the model plant A. thaliana, the pool of peptides identified here would allow us to discern the occurrence of seven PIP isoforms. 1, 4 Nevertheless, such a conclusion can not be drawn for broccoli, as the entire sequence of each broccoli PIP isoform is unknown. The impossibility to identify protein isoforms from B. oleracea is partly due to the lack of sequences from this species in the databases and justifies future sequencing projects focusing on plant species with agronomic and/or economic interest.
The finding of acetylation, phosphorylation and methylation on PIPs suggests that cytosolic N-acetyl transferases, kinases and methyl-transferases present in broccoli roots may possibly intervene in the regulation of plant PIPs activity.
Our results suggest that special care should be taken for the assignment of methylated residues on peptides from plant PIP proteins isolated from plant tissues when only HPLC-MS/MS analysis is used. The reason undermining the ability of HPLC-MS/MS to detect this modification is that several plant PIPs contain the motifs DE, EE, KD and KE. The dipeptides EE or DE me share the same monoisotopic mass (276.09520 amu) and elemental composition (C 10 H 16 N 2 O 7 ), which hampers their differentiation after mass spectrometric analysis, even if the masses of both, precursor and fragment ions, are measured with high mass accuracy in the Orbitrap analyzer. The same can be applied to the dipeptides KE and K me D, also sharing the same monoisotopic mass (275.14757 amu) and elemental composition (C 11 H 21 N 3 O 5 ). Although not frequently found in plant proteins, the possibility of finding Dme residues can not be ruled out. As recently described by Sprung et al., 80 aspartic methylation occurs in eukaryotic cells, but its identification through HPLC-MS/MS analysis has been has been largely overlooked.
The finding of a similar PIP modification pattern has also been described in the closely phylogenetically related species, A. thaliana. The highly conserved DNA sequences encoding for PIPs together with a repeated modification pattern found in PIPs from different tissues and from different species suggests that the regulation of PIP activity through PTMs may also be highly conserved within the Brassicaceae family.
Accurate detection in the Orbitrap analyzer of precursor ions and their corresponding MS/MS fragments after HCD fragmentation have been extendedly applied for peptide analysis 81, 82 and in this work provided new peptide sequence information on broccoli root PIPs. The PIP peptides identified here, either after database search or by de novo sequencing provide the first pieces of information about the minimum number of isoforms present in broccoli roots. Peptides de novo sequenced also provide useful information to design primers to clone the specific genes encoding for PIP proteins in broccoli roots. The list of peptides identified and the description of isoform-specific proteotypic peptides may serve as a first stone for the design of peptide target analysis using more sensitive MS methods such as selected multiple reaction monitoring methods. 49 In order to make our data available for future studies, the output files containing the proteins identified and their corresponding peptides and post-translational modifications are available as Supporting Information (Supplementary excel files) .
Finally, it has to underlined that the identification of PIP isoforms does not necessarily provide functional information on aquaporins (usually heteromers of different PIP isoforms); nevertheless, the fact that each isoform could play specific roles in various cell types, as they are differentially regulated in specific physiological contexts, turn the identification and characterization of PIPs in different plant species and the screening of their expression pattern in different organs useful tools to unravel the function and the regulation of PIPs in plants. We believe that the identification of PIP isoforms described here for B. oleracea could be the basis for further proteomics studies focusing on the regulation of PIPs and water balance that may eventually lead to the agronomical improvement of this crop.
Abbreviations: ACN, acetonitrile; AGC, automatic gain control; AQUA, absolute quantification strategy; BlastP, basic local alignment search tool for proteins; CID, collision induced dissociation; FDR, false discovery rate; fwhm, full width at halfmaximum; HCD, higher-energy C-trap dissociation; MAPs, methionine aminopeptidases; MIP, major intrinsic protein; NIPs, NOD26-like intrinsic proteins; PAR, photosynthetically active radiation; PIPs, plasma membrane intrinsic proteins; PTMs, post-translational modifications; SIPs, small basic intrinsic proteins; TFA, trifluoroacetic acid; TIPs, tonoplast intrinsic proteins.
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